This study uses molecular dynamics simulations performed in a parallel computing environment to investigate the adsorption of water molecules surrounding Au nanoparticles of various sizes. An observation of the oxygen and hydrogen atom distributions reveals that the adsorption of the water molecules creates two shell-like formations of water in close vicinity to the Au nanoparticle surface. These shell-like formations are found to be more pronounced around smaller Au nanoparticles. The rearrangement of water molecules in this region reduces the local hydrogen bond strength to below that which is observed in the bulk region. Finally, the simulation results indicate that the absolute value of the interaction energy between the water molecules and the Au nanoparticle is reduced when the water molecules surround a nanoparticle of larger diameter. This observation implies that a stronger adsorption effect exists between smaller Au nanoparticles and water molecules. Hence, the value of the adsorption constant increases for smaller Au nanoparticles.
INTRODUCTION
Potential applications of Au nanoparticles within the biotechnology field have attracted considerable academic interest. For example, DNA-linked Au nanoparticle assemblies can form DNA conductors or optical devices, whose conductivities and optical properties, respectively, are a function of the temperature, the length of the linker bio-molecules, the relative humidity, etc. [1] [2] [3] [4] [5] [6] A further important application is the formation of nanostructured or macroscopic materials from DNA or protein-linked Au nanoparticle assemblies for various specific purposes, including electrical, optical, and structural properties. 1, 7, 8 In these applications, the mechanism of surface adsorption at the interface of the Au nanoparticle plays a key role not only in Au nanoparticle solutions, but also in mixed solutions of Au nanoparticles and linker biomolecules. It has been reported that the surface adsorption mechanism influences both the dynamic behavior of the Au nanoparticles and the structure of the molecules adsorbed by the Au nanoparticle surface. 6 Since it is difficult to investigate the adsorption mechanism directly using experimental approaches, numerical methods are commonly employed to obtain detailed insights into the adsorption phenomenon. Calculations from first principles or the ab initio method can demonstrate the mechanisms of both chemisorption or physisorption of water molecules on a metal surface. Feibelman investigated the case of the adsorption of water molecules on Ru͑0001͒. 9 The results indicated that rather than pure intact water molecules, a partially dissociated water layer was formed on the Ru͑0001͒ surface, with coplanar oxygen atoms in a hydrogen-bonded hexagonal structure and hydroxyl fragments bonded directly to the metal. Even for heavy water molecules adsorbed on the Ru͑0001͒ surface, the O-D bonds of the partially dissociated water molecules will eliminate the highest-energy O-D stretch feature. 10 A series of studies relating to the mechanisms of water adsorption on a metal surface was performed by Michaelides. [11] [12] [13] These studies found the adsorbed sites and the chemisorption energy for low and high surface coverage. Consistent with the findings of Feibelman, the results of Michaelides also suggested that an overlayer with partially dissociated water molecules and intact water molecules was favored over pure intact water molecules. Since the large number of calculations involved limits the total number of atoms in the ab initio calculation to the order of several hundred atoms, an alternative popular atomistic method, referred to as molecular dynamics ͑MD͒ simulation, has been developed to simulate systems which are much larger than those in an ab initio calculation. This method provides a powerful means of investigating the adsorption mechanism from an atomic viewpoint by using some semiempirical or empirical potential functions to model the interaction between atoms. Utilizing this technique, Starr et al. determined that the glass transition temperature of polymer melt or polymer thin films is dependent on the strength of the interactions between the polymer and the nanoscopic filler. 14, 15 These interactions prompt changes in the polymer dynamics in the vicinity of the filler surface and in the polymer structure, which becomes elongated and flattened near the nanoparticle surface. Noon et al. investigated the interaction between a carbon nanoparticle, C 60 , and a biological molecule in the form of an antibody of high affinity with the carbon nanoparticle. 16 Their results identified that -stacking interactions between the biomolecule of high binding affinity and the -electron-rich carbon nanoparticle are a very efficient and common mode. In related studies, Smith et al. concluded that a weak interaction between polymers and nanoparticles promotes nanoparticle aggregation, while strong attractive polymer-nanoparticle interactions prompt the dispersion of the nanoparticles through the strong adsorption of polymer chains on the nanoparticle surface. 17 Moreover, the behaviors of polymer chains at the nanoparticle interface and in the interparticle region are also strongly dependent on the range of interactions between the polymer and the nanoparticles. 18 From the discussions above, it is clear that MD simulation serves as an essential technique for the investigation of the fundamental adsorption mechanisms at an atomic level. In the applications described above, water molecules form the primary basis of the Au nanoparticle solutions and the mixed solutions. Clearly then, it is essential to develop a precise understanding of the adsorption mechanism which takes place when water molecules approach the Au nanoparticle surface. Consequently, the present study utilizes MD simulations to investigate the adsorption mechanism of water molecules in the vicinity of Au nanoparticles. Addressing a perceived gap in previous related studies, MD simulation is used to directly investigate the distribution variations of the water molecules around Au nanoparticles of various diameters by considering the density profiles of the hydrogen and oxygen atoms, the strength of the local hydrogen bonding, the adsorption constant of the Au nanoparticles, and the interaction energy between the absorbed water molecules and the Au nanoparticles. Figure 1 presents a schematic diagram of an Au nanoparticle surrounded by water molecules. The present simulations consider ten individual Au nanoparticles, whose respective diameters range from 3 nm to 12 nm in increments of 1 nm. According to the diameters, the atomistic models of the Au nanoparticles are cut from a fcc Au crystalline. Each simulation considers a cubic box with periodic boundary conditions imposed in each dimension. The lengths of the simulation boxes are specified to be sufficiently large that interaction is prevented between the Au nanoparticles in the simulation boxes and those in the image boxes. Further, the density of the water molecules is assumed to be 0.973 g / cm 3 throughout, and the scaling method 19 is used to scale the temperature of the water molecules and the Au atoms to an equilibrium temperature of 300 K over the course of the simulation. In conjunction with the multiple time step method, 20,21 the present simulations employ the Verlet algorithm 20, 22 to calculate the trajectories of the atoms. A smaller time step of 0.1 fs is used when simulating the fast motions associated with the bonding and bending of the water molecules, while a larger time step of 1 fs is adopted for the simulation of the other motions. The simulation for the largest Au nanoparticle ͑12 nm͒ involves 53 0912 atoms, while that of the smallest nanoparticle ͑3 nm͒ involves 70 358 atoms. The scale of these simulations exceeds the computing capacity resources of a typical personal computer, and consequently, the present simulations are performed on a parallel computing environment consisting of 32 nodes.
SIMULATION MODEL
The simulations consider a range of atomic interactions, namely interactions between the Au atoms, interactions between the water molecules, O-H bonding and H-O-H bending intramolecular interactions within individual water molecules, and interactions between the Au atoms and the water molecules. The atomic interactions among the Au atoms are modeled by the many-body, tight-binding potential method. 23, 24 Meanwhile, the inter-and intramolecular interactions of the H 2 O molecules and the interactions between the H 2 O molecules and the Au atoms are modeled using the Flexible 3-Centered ͑F3C͒ water model 25 and the Spohr potential ͑as modified by Dou et al.͒, 26, 27 respectively. These potential functions reflect the flexibility of the water molecules and the Au nanoparticles for all cases.
The tight-binding potential method is adopted to calculate the atomic interactions between the Au atoms of the Au nanoparticles. This model sums the band energy, which is 
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characterized by the second moment of the d-band density of state, and a pairwise potential energy of the Born-Mayer-type, 23, 24 i.e.,
where is the effective hopping integral, r ij is the distance between atoms i and j, and r o is the first-neighbor distance. The parameters A, p, q, and are determined from the experimental data relating to the cohesive energy, the lattice parameter, the bulk modulus, and the shear elastic constants, respectively. The tight-binding potential accurately describes the properties of transition metals such as Cu, Co, Ag, and Au. 23, 24 The parameters of the Au-Au interactions adopted in the present study are listed in Table I . 24 The interactions of the water molecules are modeled using the F3C water model. This model not only accurately reflects the water structure detected by x-ray and neutron diffraction, but also yields values of the structural and dynamic properties which are in good agreement with those determined from experimental data. A further advantage of this water model is that it employs a short-range truncation, which reduces the necessary computational effort, and hence permits a MD simulation with a greater number of water atoms or with time steps of longer duration. The F3C water model is expressed as follows:
where the intramolecular potentials, U bond and U bend , represent the bond strength energy and the bending energy in a water molecule, respectively. The complete potential functions are given by
where b i , i , b 0 OH , and 0 HOH are the ith O-H bond length, the ith H-O-H bending angle, the equilibrium length of the O-H bond in a water molecule and the equilibrium angle of the H-O-H bending angle in a water molecule, respectively.
The van der Waals potential, U vdw , is used to model the inter-molecular energy of the water molecules, i.e.,
where the parameter A SC is used to compensate for the interaction lost for small cutoff distances and has a value determined by the truncation distance specified in the F3C model. 25 In the present study, this truncation distance is specified as 10 Å and the value of A SC is assumed to be 1. The term S vdw ͑r ij ͒ in Eq. ͑5͒ represents the truncation shift function of the van der Waals potential. The general truncation shift function S f ͑r͒ has the following form: 
ͮ ͑6͒
where f͑r c ͒ and r c represent the potential function and its truncation distance, respectively. Accordingly, the complete form of S vdw ͑r ij ͒ can be derived from Eq. ͑6͒. The electrostatic potential, U els , can be expressed as follows:
where q i and q j represent the partial charges of the oxygen or hydrogen atoms of two water molecules within the truncation distance. The truncation shift function, S els ͑r ij ͒, for the electrostatic potential can also be derived from Eq. ͑6͒. The parameters used in the present F3C water model are listed in Table II . 25 This study adopts the modified Spohr potential developed previously by Do et al. 26, 27 to model the interactions between the H 2 O molecules and the Au atoms. This potential function has the following form:
The first term of this expression represents the interaction between an Au atom and an oxygen atom, while the second and third terms relate to the interactions between an Au atom and the two hydrogen atoms of a water molecule. These potential functions are expressed as 
where D 0 and r e1 are adjusted to reflect the adsorption energy and the distance of the water molecules from the metal surface obtained from the experimental results, respectively. The shift function, S 2 ͑r͒, has the following form:
where r on and r off represent the start and end distances employed in the shift function and are specified in the present study as 7 Å and 11 Å, respectively. The parameters used in this potential in the current study are presented in Table  III. 26,27
RESULTS AND DISCUSSION
The statistical data in Figs. 2-4 are sampled from the system for an average of 10 ps following a relaxation process of duration 30 ps. Figures 2͑a͒ and 2͑b͒ present the local density distributions of the oxygen and hydrogen atoms, respectively. The vertical axis indicates the reduced density ͑ local / bulk ͒, while the horizontal axis indicates the distance of the atoms from the surface of the Au nanoparticle. To clarify the influence of nanoparticle size on the variation in water molecule orientation, Figs. 2͑a͒ and 2͑b͒ consider the density profiles for Au nanoparticles of diameters 3 nm, 6 nm, and 12 nm. For convenience in describing the results of Fig. 2 ͑and later, Fig. 3͒ , four labels, A, B, C, and D, are used to indicate the locations of characteristic local structures of the oxygen and hydrogen density distribution profiles. In Fig. 2͑a͒ , labels A and C indicate the first and second peaks of the oxygen density profiles, while labels B and D indicate the first and second valleys. The peaks annotated by labels A and C imply the presence of two shell-like formations of water around the surface of the Au nanoparticles. It is noted that the positions of the first peak ͑A͒ and first valley ͑B͒ in the oxygen density profile ͓Fig. 2͑a͔͒ coincide with the positions of their counterparts in the hydrogen density profile ͓Fig. 2͑b͔͒. However, the position of the second peak ͑C͒ of the oxygen density profile is located closer to the nanoparticle surface than the corresponding peak of the hydrogen density profile. Accordingly, in the first water shell, the oxygen and hydrogen atoms are distributed in the same shell, whereas in the second shell, the oxygen and hydrogen atoms form two subshells. Figures 2͑a͒ and 2͑b͒ reveal that the water molecules adopt a bulk structure at distances greater than approximately 8 Å from the Au nanoparticle surface. Since the water molecules in this bulk region do not interact with the Au nanoparticle, the differences of density distribution of oxygen and hydrogen atoms between the bulk region and the interfacial regions are most feasibly attributed to the adsorption effect of the Au nanoparticle. In both density profiles, the first and second peaks attain their maximum values for the smallest nanoparticle diameter of 3 nm and their minimum values in the case of the largest nanoparticle diameter of 12 nm. Conversely, at the first valley of Fig. 2͑a͒ , the oxygen density of the 3 nm nanoparticle is the lowest, while that of the 12 nm nanoparticle is the greatest. Regarding the hydrogen density profile, in the case of Au nanoparticles of diameters 6 nm and 12 nm, a first minima lies between the two peaks marked by labels A and C. However, for the 3 nm Au nanoparticle, a small peak is noted in the hydrogen profile at the position of the first valley of the two larger nanoparticle profiles. This phenomenon arises since some hydrogen atoms of the water molecules within the first and second water shells point toward each other's oxygen atoms and cause hydrogen bonding, which provides a connection between the two shell layers.
To provide a clearer understanding of the local hydrogen bonding of water molecules surrounding the Au nanoparticles, Fig. 3 shows the relation between the ratio of the average number of H-bonds, n HB , with the average number of nearest neighbors, n NN and the distance from the surface of Au nanoparticle. In determining the average number of H-bonds, n HB , the present study adopts the geometric criterion 28 that a hydrogen bond will be formed if the distance between the oxygen and hydrogen atoms of a pair of water molecules is less than the first minimum of the F3C O-H radial distribution ͑2.4 Å͒. 25 Meanwhile, the average number of nearest neighbors, n NN , 29 is determined by counting the number of oxygen atoms around the oxygen atom of a water molecule which lie no further from the oxygen center than the first minimum ͑3.4 Å͒ ͑Ref. 25͒ of the F3C O-O radial distribution function. Consequently, the ratio considered in Fig. 3 represents the number of hydrogen bonds provided by one neighboring oxygen atom and reflects the local hydrogen bonding strength of a water molecule. The three curves of Fig. 3 each exhibit a distinct peak in very close proximity to the Au nanoparticle surface. These peaks, which lie within the first water shell layer, are the result of the strong adsorption of water molecules in this region by the Au nanoparticle surface. The oxygen atoms of the water molecules form more hydrogen bonds with the hydrogen atoms of the water molecules at label A, which the distance between these peaks and label A is approximately 1.5 Å, confirming the geometric criterion to form hydrogen bonding in this study. It is noteworthy that the presence of the Au nanoparticles not only causes the rearrangement of water molecules close to the nanoparticle surface, but also prompts a reduction in the local hydrogen bonding of the water molecules in this area ͑other than at the position of the peak noted in Fig. 3͒ . It is clear that the average number of hydrogen bonds provided by one neighboring oxygen atom in the region between the initial pronounced peak and label D is less than that which is provided in the bulk structure region. Although the concentrations of the hydrogen and oxygen atoms in the spherical shell regions are much greater than in the bulk area, the variation of the density profiles along the radial direction of Au nanoparticle reduces the opportunity for the water molecules to form hydrogen bonds with other water molecules located along the same direction. For example, as shown in Fig. 2 , water molecules in the first water layer ͑A͒ have less opportunity to form hydrogen bonds with water molecules located in the region of the first valley ͑B͒, in which fewer water molecules exist. However, as stated previously, the variation in the 3 nm Au nanoparticle profile differs from those of the 6 and 12 nm nanoparticles. This difference can be attributed to the inversion of the hydrogen density of the 3 nm nanoparticle around the region of ͑B͒ marked in Fig. 2͑b͒ . This leads to an increase in the hydrogen bonds along the radial direction around labels A and C, and to the right side of label B as shown in Fig. 3 . Figure 4 shows the variation in the adsorption constant and the average interaction energy with the Au nanoparticle diameter. The adsorption constant represents the ratio of the number of water molecules within the first layer and the surface area of the Au nanoparticle. These water molecules are located in the first shell layer and are directly absorbed by the surface of the Au nanoparticles. Meanwhile, the average interaction energy is the ratio of the intermolecular energy between the adsorbed water molecules and the surface atoms of the Au nanoparticles and the total number of Au nanoparticle surface atoms whose coordination is lower than that of the bulk fcc structure. Consequently, the value of the average interaction energy represents the strength of the total intermolecular energy between one surface Au atom and the water molecules around it. From Fig. 4 , it is clear that the adsorption constant decreases as the Au nanoparticle diameter increases. Conversely, the average interaction energy increases with increasing nanoparticle size. The ratio of the number of surface atoms and bulk atoms in Au nanoparticles of smaller size is larger than that in larger nanoparticles. Hence, the cohesive energy is reduced and a more unstable structure results. 30 Accordingly, these surface atoms have a greater tendency to absorb water molecules to increase their cohesive energy. Therefore, in the present study, the adsorption constant is largest for the smallest Au nanoparticle of 3 nm diameter. Since the cohesive energy of Au nanoparticles larger than 12 nm in diameter does not vary significantly with increasing Au nanoparticle size, 30 both the average interaction energy and the adsorption constant can be assumed as constants for Au nanoparticle diameters exceeding 12 nm. The simulation results presented in Fig. 4 for the variation in adsorption constant and average interaction energy are in good agreement with this assumption.
CONCLUSIONS
This paper has investigated the adsorption mechanism of Au nanoparticles of different sizes. The results have demonstrated that the interaction energy between the Au nanoparticles and the water molecules is sensitive to the size of the Au nanoparticles and has an obvious influence on the adsorption constant of the Au nanoparticles and the arrangement of the water molecules in the vicinity to the Au nanoparticle surface. The adsorption behaviors identified in this study are in good agreement with the results provided by a langmuir adsorption model and with those obtained experimentally. 31 The langmuir thermodynamic analysis model reveals that the increase in the adsorption constants with decreasing nanoparticle size arises predominantly from the increase of molar free energy. Smaller particles become more stable by absorbing more molecules per unit area on their surface to decrease the total free energy. These quantitative measurements from the langmuir adsorption model are demonstrated by the experimental results relating to the adsorption of organic acids on titania nanoparticles of different sizes. However, in a langmuir adsorption model, a prior knowledge of the dependence of interfacial tension on nanoparticle size is required. Moreover, this model is unable to provide insights into the arrangement of the molecules adsorbed on the nanoparticle surface. Previous MD studies changed the interaction strength between the nanoparticle and the molecules by tuning the parameters of the intermolecular potential. However, this study uses more realistic potentials and the interaction energy is changed naturally by the size of the Au nanoparticle itself. Finally, the orientation of water molecules in the adsorbed water layers and the particular adsorption sites on the metal surface are important and interesting topics. Since these special structures and particular adsorption sites influence not only the static properties, but also the dynamic behaviors of water molecules at the interface, [32] [33] [34] it is worth investigating the epitaxial-like lateral structure in the first water layers or the preference for water adsorption at particular sites on the nanoparticle surface in future studies.
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